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Abstract

Project goals in this seven year period focused on localized corrosion and hydrogen

embrittlement. The former was a major emphasis in the early years with a primary focus on grain

boundary and crevice corrosion. This was summarized in two ONR technical reports: "Effect of

Grain Boundary Structure on Sensitization and Corrosion of Stainless Steel", June 1985, and "On

the Roles of Corrosion Products in Local Cell Processes", January 1986. Research on the latter

has occurred in the more recent period and has produced an improved understanding of the entry of

hydrogen into metals and thereby an improved capability of preventing the numerous and

frequently catastrophic hydrogen assisted cracking of structural members in service. Specifically,

results have been obtained on hydrogen adsorption from the gas phase using the new, very

powerful scanning tunneling microscope (STM). These results, which characterize the adsorption

process at a truly atomic scale for the first time, provide the added significance of highlighting the

impressive capability of STM for studying the H-material interction. They are described in ONR

TP February 1990 and J. Vacuum Sci. & Technol., A&D (Jan/Feb 1990). Another important

advance is the development of a more complete theoretical basis for hydrogen entry into a metal

during cathodic charging from aqueous solution (J. Electrochem. Soc., 136, 2463, 1989). The

model enables many previously unavailable parameters to be determined from steady state

hydrogen permeation data obtained in the usual way using a Devanathan-Stachurski permeation

cell. These include the absorption, kab, and desorption, kdes rate constants which directly

determine the amount of hydrogen ent ,ring the metal. As a resul, application of the model can

provide new diagnostic criteria for determining the role of vare',s system parameters in modifying

the rate of hydrogen entry. Using the model in this manner, the mechanism by which acidic H2S

solutions promote hydrogen entry into iron has been clarified based on the significant effect that the

H2S was found to have on the transfer coefficient, a. and the recomnbination rate constant, k3,

(Corrosion, .4A 460, 1990). The model and its applications are briefly described in a review paper

(Ann. Rev. Mater. Sci., 299, 1990) contained in this Final Repmt.
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INTRODUCTION

Our purpose here is to review recent advances in understanding the kinetics
ol the e'.er elusi'.c and omnipresent hydrogen entry into metallic systems
by multiple ways th~it cause numerous and frequently catastrophic
degradation problems. The problem of hydrogen-induced damage and
tI'ilures is interdisciplinary and varied. For example. in the cathodic pro-
tection of metals, in hydrogenation cells where metal electrocatalysts such
as Ni are used, in hydrogen energy producing plants. andi in environments
where hydrogen sultide oas is present as in petroleum relining (1). hydrogen
absorption into metals causing degradation of their mechanical properties
is the main concern. In closed systems. howevter, such as nuclear reactor
cooling pipes. acid container systems, fuel cells, and so on. the production
of ti, gas and bubble formation is of great concern not only because of
impedances and heat generation, but also because of the explosive prop-
erties of hydrogen. Very high pressures of' H, gas produced by acid cor-
rosion reactions can deform or crack any material empioyed as a container.
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Thus the issue of hydrogen reactions on metallic materials is real, and also
quite complex, dealing with the adsorption, absorption, and/or evolution
of hydrogen in metal-hydrogen systems. An attempt to cover all of the
different aspects of the hydrogen problem with vast references is beyond
the scope of this paper. Instead. we will be concentrating mostly on the
mechanistic aspects of hydrogen entry into unstressed metallic systems.

It is now understood that hydrogen exists as atomic hydrogen in the
dissolved state in metallic components and is similar to interstitial solute
atoms such as carbon, as far as diffusional and solubility characteristics
are concerned (2). Since hydrogen atoms are the smallest of all atoms, they
can be separated into elemental particles of protons and electrons by a
simple ionization process. The hydrogen atom can lose its electron to the
electronic bands of a metallic material, especially the transition metals
such as palladium, as evidenced by the observed linear decrease of magnetic
susceptibility with increasing hydrogen content (2).

Significant work has been done on hydrogen entry into metals exposed
to gaseous hydrogen. In gaseous hydrogen charging, the major reactions
occurring on metallic surfaces are the dissociation of H, molecules, the
adsorption of these hydrogen atoms on the metallic surface, and their
absorption and diffusion into the bulk metallic phase (2-4). The rate
controlling step among these reactions depends on the charging pressure,
hydrogen diffusivity in the metallic phase, and other factors (5). For
example. at high H, pressures in the presence of HS. adsorption is rate
controlling (4). It is possible to have a partial dissociation of molecular
hydrogen in the gas phase. and this presence of atomic hydrogen in the
gas phase can affect the kinetics of hydrogen entry (6). The purity of the
hydrogen gas is an important factor for hydrogen entry and embrittlement;
for instance, small additions of oxygen reduce hydrogen embrittlement
(HE) susceptibility, at least at low pressures (7. 8). On the other hand.
some hydrogen containing compounds such as gaseous hydrogen sulfide
(9) and water (10) increase HE susceptibility, probably by enhancing the
adsorption-absorption kinetics and/or affecting the recombination kinetics
(3. 10). In gaseous hydrogen charging, the concentration of dissolved
hydrogen in the metal obeys Sievert's law, i.e. the dissolved hydrogen
concentration is directly proportional to tde square root of the pressure
of hydrogen gas (2). Some of the hydrogen atoms cover toe metallic surface
as adatoms, and this coverage can be determined by a detailed analysis of
the sorption kinetics (3, 4. Ii, 12). The hydrogen diffusivity and solubility
are important parameters for gauging HE characteristics of a material.
and these can be determined by using gas permeation cells (13. 14). The
general conclusion is that a ferritic stainless steel is more susceptible to
HE than an austenitic stainless steel because the former has a higher
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hydrogen diffusivity and a lower hydrogen solubility than the latter (15.
16). In spite of these iateresting aspects of gas-phase charging and since
most cases of hydrogen entry and embrittlement are much more severe in
wet environments, the focus of this review is on hydrogen charging of
metallic systems in aqueous environments.

Hydrogen atoms can quickly enter into zwtallic systems frt.,n an aque-
ous phase. In aqueous solutions, the md-liquid interface is charged
because of the dipolarity of water molectwes (17-19), and the charged
interface of the two phases forms a doube layer that essentially acts as a
capacitor (17. 20). It is because of this capacitive double layer that precise.
external electronic control or simulation of oxidation/reduction reactions
on the metallic phase is possible. In short, the solvated hydrogen ions,
H 1O', in the aqueous phase can be discharged onto a metallic phase when
it is immersed in the aqueous phase. by applying a cathodic voltage with
an auxiliary (counter) electrode using a galvanostatic or potentiostatic
circuit. This is a typical situation in cathodically protected metallic systems.
Thus the two most significant differences between aqueous hydrogen
charging and gaseous hydrogen charging are that for the former the charg-
ing conditions can be precisely varied and very high fugacities of the order
of 10' atm (corresponding to pressures of 10" atm) can be achieved (21.
22). The kinetics of the aqueous electrochemical hydrogen charging process
is very involved, however, as will be evident from the discussion below.

The theoretical analysis of the kinetics of the hydrogen processes occur-
ring at and through the aqueotvs-metallic interface is based on the electro-
chemical rate equations. Pioneering work on the hydrogen evolution reac-
tion (h.e.r.) kinetics has been done by Tafel (23). Volmer (24). Horiuti
(25). Frunikin (26). and others. Essentiaily. the hydrogen reduction process
involves the reduction of the H ,O ions in the double layer at the metallic
surface, followed by two parallel processes thatare the evolution ofgaseous
hydrogen that forms from the adsorbed hydrogen atoms on the sur-
face and the entry of other adsorbed hydrogen atoms into the metallic
phase itself (27 29). These three steps can take place by different com-
binations of reaction paths (30. 3n). The first step of HFO' reduction is
now fairly well understood to take place by a single electron transfer step
(Reaction I)

HO' +e = H,+HO. I.

where x refers to the state of the reduced hydrogen atom on the metallic
phase.

Immediately, several critical questions can be raised: Where exactly is
Reaction I occurring and is there a site specificity? How does this reaction
take place'? What is the state of the reduced hydrogen? What are the
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possible subsequent reactions? How do these reactions affect the integrity
or degradatioti of the metallic electrode? And quite importantly, will one
of the steps control the rate of the overall process or will it be under mixed
control'? Can we determine the hydrogen solubility in the metal and its
diffusivity. subsurftace concentrations and fluxes of hydrogen at various
stages. hydrogen coverage on the surface (if indeed it stays there). h.e.r.
mechanism and rate parameters, and constants of the reactions? Is there
a problem with the entry of hydrogen into the metallic phase. and if so,
what is the problem and what are the controlling parameters? Can we
quantitatively evaluate these parameters? Why are some metals and alloys
more susceptible to hydrogen embrittlement (HE) ttan others? Finally, can
one control or prevent such problems by alloy design, thermomechanical
processing and or modifiLation of fluid chemistry? And is there an inter-
disciplinary approach to the problem and solution?

These and related questions have ergaged many electrochcmists. cor-
rosion scientists, analytical chemists, and metallurgists for the past several
decades. Substantial and signiticant progress has been achieved by model-
ing the hydrogen reduction process on the basis of the clectrocheriical rate
theory. as well as by applying fracture mechanics concepts. Still. a general
mechanistic theory encompassing quantitative factors and evaluation of
critical parameters and constants has not yet been achieved. This is not to
say that excellent models and theories don't exist. Indeed. there arc elegant
models. determinations, and calculations describing tile transient behavior
durine hydrogen charging with and without trapping (5. 32 40). which
help in determining the solubilaty. ditlusivity. nonsaturable saturable trap
parameters (5). and how deformatior creates high binding energy traps
for hvdroeen (41). Recently a successful m ,odd of the steady-state h.e.r.
and permeation kinetics has been developed (42. 43) that has the quan-
titati\e capacity for evaiuating the various rate constants, including the
absorption rate constant. the adsorption rate constant. and the hydrogen
coverage on the metallic surface. It also enables the determination of the
o-irating h.e.r. mechanism. This model greatly increases the quantitative
inlormation that can be obtained from permcatkim data in comparison to
that obtained from the same data using earlier models (28- 30).

Let us look more closely at the above-raised questions, particularly the
mechanics of the hydrogen evolution and entry prwcesses and how electro-
chemical rate theory has been quantitatively applied for determining the
process mechanisms. It is fairly well agreed that Reaction I describing
proton discharge occurs at the metal surface in the case of good electro-
catalysts (1 7, 44). This reaction involves dischasrgng hydrated protons in
the double layer (17) and quantum-mechanical tunneling (of electrons)
across the potential wells in the double layer structure (17, 45, 46). This
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process, although a critical one, has not been well characterized since the
quantum-mechanical parameters such as the discrete eneigy leve!s are not
directly determinable. Application of the newly developing technique of
scanning tunneling microscopy may prove to be an invaluable tool to
analyze these aspects.

STATUS OF THE REDUCED PROTON AND
SELVEDGE REACTION

The question as to the state of the reduced hydrogen was widely debated
a few decades ago. It is now considered that hvdroeen attains an adsorbed
state on the metallic surface, immediately following the discharge step (18.
47). But controversy exists as io whether two dilferent forms of adsorbed
hydrogen, such as hvdrogen atoms on or interstitially in the surface, are
involxed. as has been discussed by various workers (18. 48 50). Hydrogen
adsorption can cause rearrangement of surface metal atoms, such as on a
nickel surface, as has been shown by low energy clectron diffraction
[LEEl)) studies 051 ). Surface adsorption of hydrogen may also lower

the fracture stress and cause HIE 052). [:xactly holw hydrogen attains an
adsorbed state is even less clear. Much of the work in this area strongly
sugCests, an intermediate step in ,vhich the discharged hydrogen dissolves
just under tile metallic surface and e,,.iilibrates with h%drogen covering
the surface itself" (47. 51. 531. This is termed the absorption-adsorption
reaction. which is assumed to be in equilibrium. Although not proven, a
t'1'% cxpcrhiiral I cs•udi ii S1. 53 37) are consistent with the existence of
the absorption-adsorption reaction, and it ... y be that the equilibrium
condition holds in thicker or low hydrogen 6iifusivity metals alloys. The
latter cautses the permeation process itselif to be the siow step in the overall
process. in % hich case the absorption-adsorption reaction will be in local
t.quilibrini. But IfMr vcry thin membranes or for high vaiues of hydrogen
diffusivitV, the overall permeation process becomes interface controlled
t43. 58). Additionally. there may be cases where the intermediate reactionoccurs bN a more complicated selvedge reaction (42,43).

Tnie sel edgc reaction is proposed to be the immediate step following
the hydrogen discharge step. Its operation would produce a hydrogen
concentration profile that is different from that in the rest of the sample
(43). The selvedge has been delined as an intermediate reaction layer, more
than an atomic layer thick, having continuity with the bulk material. The
selvedge could be preexisting or be induced by the proton discharge process
particularly at high hydrogen overvoltage:;. Hydrogen transport in tile
selvedge may occur by a diffusion process in the usual way (in the case of
a preexisting selvedge) or by a diffusionless. penetration process that is the
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culmination of the proton discharge step. An example of a preexisting
selvedge is a metal with significant surface segregation of minor elemeiits
or impurities that shows a higher or lower hydrogen diffusivity in the
segregated region (selvedge) and a hydrogen concentration profile of
smaller or larger slope, respectively, than the slope in the rest of the sample
(43). If there are cases where the selvedge reaction occurs by a diffusionless
penetration process. the maximum in hydrogen concentration would not
be at the cathode surface. but at some distance beneath the surface where
the penetrating protons or hydrogen atoms come to rest. similar to the
situation in ion implanted materials (43). Experimental verification of a
selvedge reaction of either type has not yet been carried out. To test the
concept ol' the selvedge reaction, at least one of the available techniques
such as neutron scattering (59-61). nuclear magnetic resonance: (62).
and or the tritium tracer method (63, 64) may be useful for tracking the
motion of the reduced proton.

Detection ofa selvedge reaction may prove to be important in explaining
some of the less understood physical processes ocurring during initial
contact of hydroger, with the metal. For instance. intense interaction of
hydrogen with the metal may lead to the generation of dislocations that
in turn, can cause damage such as cracking at or near the metallic surface.
In this respect. the selvedge concept is consistent with the observation of
dislocation generation in Ti-30 Mo plates during cathodic charging of
hydrogen without any applied stress (65). The observation of lattice expan-
sion or contraction in Ti-30 Mo plates sputtered witih iron. tantalum, or
titanium (66) will also be consistent with the 7,vedge reaction, since the
lattice expansion or contraction is produced by fine-scale plastic defor-
mnation caused by hydrogen charging (without any applied stress). Irt
addition, the selvedge concept will also be consistent with the experimental
observation of cracking during hydrogen charging (under no applied
stress) •17. 67. 68). Previously such cracking was thought to be caused by
extremely high hydrogen fugacities at these locations (67. 68). But the
attainment of such fugacities in a very short time in a subsurface region
could be facilitated by a diffusionless selvedge reaction, which is fast
compared with the diffusion of hydrogen. and results in the highest con-
centration of hydrogen being located at the selvedge-bulk metal interface
rather than at the metal surface. These explanations of the selveJge reac-
tion are, however, only tentative at present.

HYDROGEN EVOLUTION REACTION

It is easy to observe the hydrogen evolution reaction (h.e.r) since hydrogen
gas bubbles are visible through most aqueous solutions. The h.e.r. can
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occur by more than one route. Proton reduction is the first step, and it is
followed by either chemical recombination involving the combination
of two adsorbed H, atoms, or electrochemical recombination involving
discharge of a proton directly onto an adsorbed H, atom (17. 19. 47). In
general. the h.e.r. will occur by both of these well-recognized routes. There
is no evidence the h.e.r. would deleteriously or beneficiad) affect the
metallic surface, but it is known to have indirect effects. Foi -xample. an
enhanced h.e.r. is known to enhance open-circuit corrosion. especially in
galvanic couples (69). In crevice and pitting corrosion and even in the
intergranular corrosion of sensitized stainless steels, hydrogen gas bubbles
have been known to play a role in causing I P drops and active corrosion
(70 78). In many instances, the observation of hydrogen gas bubbles
emanating out of pits (73 76) or crevices (73. 76, 77. Kelly et al. in
preparation), in particular when no hydrogen is evolved at the external
surface (where the electrode potential is more noble than the h.e.r. poten-
tial?. provides ample prool' of the existence of both large IR drops within
the cavit, and the activity of these localized cells. In fact, even the break-
down of passivity of metals and alloys may involve the generation of
hydrogen gasat the (ilm-metal interlace(79). In contrast to these vituations.
under hydrogen charging conditions the catalysis of the h.e.r. is highly
desirable because hvdroeen entry will be diminished. This is clearly seen
in the permeation results on iron membranes in which the charging surface
containing some Pt. Pd. Cu. or Ni showed a reduced hydrogen ingress
(NO 85). These surfaces were prepared by either electrodeposition on the
iron surface or ion implantation into the iron surface layer.

In short, one has to be catious in interpreting the observation of
hydrogen gas evolution in view of its different consequences for hydrogen
entry and corrosion of a metallic material. On the other hand, modifying
the h.e.r. characteristics by alloying. implantation. or surface treatment
maN provide immunity to hydrogen entry or corrosion for metallic
materials.

HYDROGEN ABSORPTION INTO METALLIC
MATERIALS

In many situations the greatest coacern regarding the application of struc-
tural materials is the hydrogen absorption (or entry) reaction because
hydrogen damages the load bearing ability and/or the toughness of many
of these materials (86-98). In order to gain a basic understanding of how
and why hydrogen degrades metallic properties, one needs to understand
the transport process and kinetics of hydrogen entry, apart from the
mechanics of stress and strain. The transport. trapping and especiafly the
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kinetics of' hydrogen entry from anitn aqueous solution under red ucing con-
ditions are discussed below. A trcatment of the electrochenmical reactions
and their rates are indispensable for analyzing the hydrogen entry process.
In order to study the hydrogen entry process in isolation. the potential
of a metal electrode is polarized cathodically by applying either a con-
stant voltag%; (potentiostatic) or a constant current (gaivanostatic) with an
inert counter electrode such as platinum. Under these conditions, protons
from the aqueous (electrolytic) phase will he reduced (discharged) on the
met-al cathode upon which the h'~drogen adsorption-absorption reaction
proceeds. Mlost oft' the discharged hydrogen recombhines and ev-olws as
h~drogen gas and thie rest is absorbed into the metallic matrix. 'The
absorbed lix drogen permecates into thie hulk material. Both the polaý-i/ation
of'the hie~r. and the lixdrogen permeation characteristics ofa metal cathode
are easil\ nicasurcd b\ Using an elect rochemical permeation procedlure.

DcuaIan-~aciur~kiEl'ctrochemnical Cell
To measure e\peritiietta lix the flux ofl hxdrogen pernflating, a mietallic
maieLria I. there is, an clegn int elect rochemica I de% ice called the lce anaz haii-
Stachumi ski cell. III % hich pr-otons are reduced at mne surfamce of a I`oil or
mcainbratne spL'cimeon. and thie fraction of the discharged li~drooen entering
the nictallic mate!!al and permcat inc ito the other surfalce is oxidized back
to the proton. D etails of' the set-up and circuit rý fivir this procedure are
wkidek a~aiatla e II the literatuLre 134. 80I. 99)J. The anodhic side of' the
mniehra ne specimen. %% here h le permeating hxdrogent is completelt, cxid-
,edk. is usaf- oated %' ith I'd ito pre~ cut corrosion of die specinien. The

mecasure-d oxidlaLion current pros ides a mecasure of thle hx drogencf flux
pernieat jiic the mcnihii ane thick ness.

*Ih'n1)hram'Dcsif
'rieic im porta nce of* choosim an a ppro 1pria te memibrane: t Iiickiiess ( L) to
camr out this txre ofe\pcrvnment needs to be emnphasi/ed. The upper limit
1'(r 1. is controlledi b\ tIhe timec to at am a sicad\ -state co~ndition. If it takes
a \er% long, time le~g. 2 3 dax sI. then the prolemis o( inpurit% adsorption
ait tile athiod,% chance in concentration (especially pH I of the catholvte.
and back6eround corrosion in the anodic cell %%ottld he encountered. It is.
therefore, advised that the titme ito attain steady-stateshIoukl he well within
24 hir. Once an estimate of' the hvdrouen diflusivity of'the tuctad alloy in
question is akailabic. either from an extrapolation ofthe high temperature
dilfusi~ity data. t ie literature, or trial permeation runs. one can obtaitn anl
estimated thickness. L,' 2\~ IX', where Dý, is the csiimated difrusivitv of'
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hydrogen and t = 24 hours. D' will actuall% Ix- an eirectivc hydrogen
diffusivity' rather than the lattice hydrogen dilTusivi ty if obtaine'J from trial
permeation runs. and it depends on the hydrogen trapping characteristocs
of the material. The uipper limit for L. also has to he chosen after at careful
consideration for the sensiti% ity to thickness of the abhsorption-adsorpt ion
reaction rate constant, discussed subsequently. In addition, one needs to
be aware of' the lo%%er limit for L. especialI% for obtaining a realistic

* aluc of the h~drogen ditfusi. it%' from the transient measurements of the
permeation lltix. If estrcmelN thin specimens are chosen, then the overall
permeation process %%ill likely he surface (interfice) controlted (43. iS) or

* in g'eneral. mied I interface and diffusion) controlled. But a more serious
problem in using, e~trenielN thin 'nenibranes is that either the\, will lie
impractical it) prepare or use, or mtore irmjxrtantly. grain boundar\ effects
\\ill iWeconie donlliinat. In suLch thin miembranie%. g~rain hounda ries will
niot oiil\ short circuit hxdlrogen diffusion. hut also locali/e the l%.drogen
adsorption anid absorption process-es. [hlis u ill mecan that the li d rogen

\.tluS title%. e a lilat ed trm n the tranisien t piernica tion ineasu rem ienl
and the ad sorptLioin and a bsorptiosn chiaracteri st ic pa ra meters. e a I ia ted
trontu thie stead\ sitac permia Li on meamiircmen t. 5ýill not be represent at i e
of* (le huilk mlaterial. Therefore. the lo\%cr limit fOr /. should be at least
tIke to tenl timies the awerave irain diameter.

lciedes tlie tliiek ness,. I he LaiteralI di mensio*n oftl the ntembranie is a I an
iiiportint consideration. Inl order it) aw id Cdie effects causinue sin-lificant
lixdro-_en leakai.c laterall, . Ctle 1. r ,m o shoutld be les hn 0I.2 t % here r
is the radiuis ot thle memb11rane esposed ito the cathol i Cl fOr Icakauc to he
less than 5. tii. It00)

I lie nietallureical condition ot the membii-rane is also an imlpo)rtatit con-
sIidei~tioii Inilt ial eperimients arc bet ter carrned out oil %% ell-a nne1aled. hiehi
p)urit% pecmimens inl %% Iitci tra p, for lixdroien are less of'a problem. and tile
li\ droucin ditllusi% it% k% ill he closer it) the itrue latince hxdrogti tdiffusi\ 6.~
Su hscklunet e\pcrimenis canl he carried otit on specinitiien hia' ing, controlled
additionis of' impurites and or cold %,or so that these ett .ects canl he

"crtiil tudied.
Apart t romite* o e losdcai ii.te stirflice state oft the mernhra lie

is also imiportant. fihe stirf.ice should he flat. m-e1I-polished and free of
filims. (Whde or other corrosion product film-. :Are easil% formed onl mall\
metial tic suirfa- ces. ho\Ae~ en. and t hese mia% affect the kinectics of hx drogen
ct r\ aiid lix drogeii transport.

PJ('ctrol~vie Preparation will 1,1-fclfo

In order ito obtain rcprodhucihic results, special aittention mutst he paid to
prep~irin2 not onix the menibrane but also thic electrotx tes. Hfigh purity
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reagents and doubly distilled water, prepared by suggested procedures
(101). should be used when preparing the solutions. For the charging
solution (catholyte) there is no pH range that is completely free of
problems. In order to avoid corrosive attack of the membrane and pH
changes. slightly alkaline buffer solutions such as borate buffer are recom-
mended for the catholy te. neutral and alkaline solutions are likely to cause
the formation of' passive layers or other reaction product layers on the
surface. A 0. 1 M NaOH solution normally serves as a good solution in
the anodic cell (anolyte).

It is importani to keep the impurities in the solutions to the lowest
possible level. since many of the impurities can adsorb on the membranec
surface and produce erroneous results. Pre-electrolysis is a must for both
the cathol',te and the anolN te. The duration (i) of pre-electrolysis depends
or' the initial impurit> level (,,.the final (required) impurity level(.e.g
10 '" M. impuritN ditrusi' ity in the electrolyte (Dj,. electrode aieax (.4A).
..oiution %olumne I'.). and diffusion layer thickness Oil: the relationship is

1= j V ..I, i I),)log'. (.-, c").

Thle pre-electrol~sis is i~picallN carried out for about 72 hr using plati-
numn elccrodcs at a current of 2 mA. prior to the start of a nenineation
csperirnent.

Prowct-thrt
*\ftver Nh! nwnihraine is fitted int the fDevanathan-Stachurs.ki sset-up. the
anol~ te is first introduced into the anodic cell and kept at a sufficiently
0\11idiing potential. Biackground current is allowed ito d~eay to very low
% alues (,,I jiA I hefore tile cathokv te is introduiced. The catholvtc is intro-
duced at thiehighest caioii(diccurrenit'ih> drogen charging is doLnegalvaxro-)
,,taticall%. At the highcst cathodic current. film reduction is both maximized
and stahili/ed for ~uhsequent charging at lower currents. Thus a further
film reduction. process \kill not occur at lowe4.r cathodic currents.
In addition. h~drogen trapping %%ill a!so be saturated and stabilized
at the highest cathodic current. It' hydrogen charging is done potentio-
st.4 icaliv. pe-rmeation measurements % ill be done by starting at the highest
hs~drogen o~er~oltagc and proceeding to lower overmoltagcs. It should
be remernhered. however, that the highest cathiidic current or over-
'.oltave should be be-lov the critical overvoltage at which irreversible
damage such as cracks occur in the material 167. 69). At each applied
cathodic current for o% er% oltage 1. steady-state hydrogn overvoltage (or
cathodic current) and both transient anJ steady-state permeation fluxes
arc monitored.
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By monitoring th hxdrogen permeation flux (in terms of' the oxidation
current in the i.nodic ell ciiis a lunction of1 time. exteflsiV kno~~kdge of
the transport properties can lxe obtained. One needs to :v %ery cautious
about the procedure and interpretation, hosmever. An important meastir-
able parameter oft the transient perm~eation Curie is the time lag. since

kom thi% measurement thle lat tice diffusi~ it% (in thle absence of' trapping i
0~. 30) or the effecti~e difiusi% it% finl the presence of* trappino I5. 13. 35.
3,9. 4011 is obtained- AnialoL'ous ito tile livrogwrn trapping anal~ sis uising, gas
perrmea i tn c~ pern ;icn itai data 15 . ati a pprori aate electr ochern lea methIiod
to check I'Or the presence ol*traps, in the memnbrane and if thie are satilrable
or nonsait ra ble. ks to plot the time lita, . thle charging current dlensat\ 0i
lIfthe time lag doe, not change appreciabh% % ath i.. t hen ole can reasoni hl\
assunile that traps are thsent. ait thle time lag, decreases ý%it h i ncreasing /,,
then sat rable traps are present: hoimewr. It' the time lag increases' %kithI
increasing i. then noiisaturable traps i% ithin the range of' i, utillied are
present.I

Hased onl [ick's law, of' diffusion 036. lIM). the train~ient pwerilleatlIloll
heham br has bekii mnal\ ,ed. Il lh- absence of* trappinv. the nieastirble
time laci I t)I lia- bveen related to the. lattice 01i1lusi1 it.\ i1), ) and tile 11iieni-
branec thickness 11Li a, 0i)l

In lie presence of si g iiiicaint trapping. h\ utih/ing, anl appropriame trapping
model [the relatitonshilp btict\en thle hm:11c I'la! (, 1and P), %kould be (,; 34'. 411)

Shere.

cl tcl t'c, can be obtained from the trapping miodel relating thle trapped
h~kdrogen concentration (c, ) and the lattice h(drgWc ncntrt)i c, )
I5. 4011. This IN pe 01* relationship :issumnes that the traps are isoLited. i.e.
do not foirmi an e\tended net\%ork. and thaI the transport btetscci them is
b\ lattice dihius~ionl (5). Various kinds of defectsI inside a nmetallic material
canl act a% trap% such as dislocations. grain Muundariesc is. iiitcrt'ace-
of other phases. e.g. carbides. %%ith the miatrix andi impurities .41 I . J hie
effectiwe hidrogen ditfusi~ atv (D),) %~ill be alkectd b% the w~ture ofl the
traps present. Followking are some examples.

1. With elastic or nonsaurable hydrogen trapping cl can hec written ats
equal to/kc' and then. Du, *ill he given by 15)



%%he~re /)' I. ;I trapping, cmislantI1 an tit describes (iti: irdir til traippe~d

c~istIirs. cL'. op - 2 1i."r nuleculif- traIpping inl widsI.

- Ill tie ~ICll-c Ci:IC Ol' ;tlu rýIhc t raps. stich as di'siucm li ul % anrd ji~Imp ri t ies.

ejc .an hi: %~ritlct I-. cqtwait 1( ss N, \ ) itc, I +lI N,-(h ic I an dl the in. 1),
%%aill hIV umeil 1'N (401(

) I) I hI~ 'K ~ ss )c

% Iiirc V IN tile tirap kIcnii%.rI . , thie iiunhIxr cil'iinlterstml)kip Ittpc

site,~ IVI, Unit1 % tiiiti. .ind K ii, ( iei eqtiliiiriuni coihLsialt Ibr tile trappingL
rc~iction f /V. R I I. IL. hcint, thie trap hinding ecilrp2 J. c tranp

1u. 12\i'ent 1 'lh. 11IIC us Metl Ick.*natnI\ w 41tci- l I.", Iisdi Ci i'. C I. hutilig

110t Mlel fi~i4C lk.Iap, sIkhll .'IN ki'Itsix..itwii% .inre amis presenut 1-41 . life:

huu~~lit1, dil W\~I h d l'it IC ll tO . NI% J .1~i % tii%it)Ctim~l'l. IN' . r. u

tIllhd tha 0 h11 l lituik Ill .itktn Cnr2 Ordil)~ni Inni. CO

.l...I.. I ll 111,1 11 mi c o O ill d ld ;p4'4 i m s tnIf\ these. jpilw, Iron

'.~ ici ti~i Ill i t) 1, 1 Il 111 m 12 : t\ Pk p lr l dtn t114,1. fai I nini %: Nlig cs no

Nsll.i '1rpirt)(t~I to I. w i n i i: jic .file :Ji- tvith I - ti-tli~c Is hi l t u Ii r timi'
dutitii.'it ~ I 1 1%itr i. hu' vlihr uIIuIII~i r l rhiý 'I nd iiIIcd % (In 'icr cif mill CItIn I or

i`l l V1111.id 120, 11 'I 11~~h,:1.11 1 2'k' kil kt..'s t fOr the:du~ seoj hedltlici

K Lii lii: [i 1,41 .! I lla m!i rla I Isx d211il: [urI\ 0% w fm iihr1w r~co i
dcc., ra nscnl 1(1 I ii: rca 1 I iru'Iilll% 1.1 K. r'rsI'l~ulc 11% 1 licklm:

Olcn briii \ i mrsitw .ir ci, mt11111th miwI: t')~u~ V It' \mlcarr.1is c ti
hi: nt II i: su: *ls' rcIicil Illn: lVF 1Ctm Ifitit 111% tmi c uils 1nt01 hflflsu iolt

mtitccraidkocmul \twluc I),. ust. (01 7. tile (11111%4.iml. CmC101 Callsc ihv
tranic ull dtc ' o i onpir:c %%fl rc'xruh dor :crsuhe h repm%. r

pr~sdni% Ir him in101ia 1ci he -rcak. irmich little. r,. reprse nting Ill.:lte

cOnduiblitmi ( 67. I (lbý p. unnalies trhwcrvcd infle it~ ransie'nt perincation
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behavior during hydroge n charging have been associated %it h irreversiblie
damiag-e (such as void formation and cracking) to the met~allic membrane.-
(67. 68). Irreversible dama 'ge has been seen to occur only at hydrogen
ov'erwotaL'es ercater than a certain critical cathodic overvoitaie (6s). Trhe
hypothesis ofa selvedge reaction (42. 43) as well as the high hydrogen
lueacities attainable at these high oivervoltages wkould be consistent with
this ob-ýcr~ation.

I1.vd(Irqeo .Sohii/ilii~v and1( Ttraljipiq Insidte it AMeialic Material

Fromt therniod~ namnic consklerations. it i% obnious that the hi~droseen
solubilit% %ill increase %ith incrcased h~drocen fugacities since the dis-
solution of* h'.droigen in metallic s~ stemsý most likely takes place %itli
constant heat ot' solution (22. 41 I. Since constant hcat of* solution con1-
ditions may not hold at %cry high hy~drogenrt lgacities. hoimewr (ss here
pressure de% fates suibstantially from fueiacity I %sAellineL (ccu. % oiding and
c.rackingi occurs,. Be-sidcs the dissollutionl of hvdrogen in the interstitial
lattice pos~ tions. h~ droeen mna% be trapped at a %aricty of* solid-s' llid or
,olid-gas ntert'.iccs such its grain boundaries. precipitate-niatris jilterf ices.

(ilcaintanlelcs. \1canifc" ies d %oids, \ithin thle metallic component (2.
41 10t'. The binlding encrie\ of' h~ drogen at tiese detects depends, oil

hec natunre of the trapping and of' the defctcshme .s For eviample.
I-ireciPlilte-niatrl\ interf .aces haw. higher bindini-g eilhalriles, h w h~kdrogen
thtin gramii udre rdsocto oe4lI It ,sdillfictilt tocharacteri/e
hti t rars responsible for accuniulating h~ drogen solcl\ from mneasuirenients

othindiiw e ntl'alpies h-caiusc: a mi~t ire it' trapso ' ari:rie hinding

cnth'ilpmeis a11V 11siall\ minioli~ed. In many cases. sitceentr\ kinenecs
comlplicatc (lhe .illailsis tit trapping i 10SX(. N ethls.a patinal Lundter-

~tihi1!ot .rappint! riila\ be obtaiind hi, special ltrhmia

I'lhe t ia isieilt prlei t icaon mecasiti-cen~c s u sing thle OI ~an at han -

Rcccntlt' o'ther cetperinlclltal teehlliqti.:s. suchl as tile piotentiostatic double
pulse mletlod I II1(1 1-2). ha\e i:een ultil/ed to ý:valiiate the rate conlstanlt
(or h~ droL'en :rapping at irrec ersible traps 41ll. 112). ['his imethiod is
applicable itor thicker membrhianes. m~d the procedure is tocharge h~drogen
into a metal at a constanti cathodic potentital for a short time (typically 0(.5
to 441 sect, then lmmedcliatels step the potential to a more positie valutte
i ply pi.dll\ to Ill tnl Ilegat il e it) the open-circuit powteital I. InI thle cathodxic
tranlsient. h~ drogen enters thle metal tinl addition to cw oling as. hydrogen
east, but because of the short duration ot~charL'ing. irreiiersible traps will
remlain unsaturated 1112). lh'ring the anlmic transient. hydrogen atoms
reosidiec on the cathodic surtfice. and it has been assumled that hydrogen
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is completely released from the reversibile traps. while hydrogen remainsý
in the irreversible traps. Knowing the flux of hydrogen ingress during the
cathodic transient and the flux of'the anodic transient, and using :1 model
of' the trap kinetics (110. 111). the irreversible trapping rate constant
is determined (112). The major assumptions in this model are that the
irre~ersible trap-, are unsaturated during transient Inytrogen trapping. and
the re~ersible trip% release all the trapped h~drogen during the anodic
transient, -Lurtherniore. this moidel implicitly assumes that significant cor-
rosion do,, not occur during the anodic transient since it is difficult to
isolate tilie charge resulting from the oxidation of the hydrogen from the
mea-sured anodic charge that possihl% includes acontribution of corrosion.
'Ihle Implicit assuimption that the pre!sence of a film on the surface does
not aiffect tile cathodic and anodic transients is open to. 4ucstitoll since 0a)
if film red uction occurs, its kinetics %%ill affect the interpretation oft any
transient measurements. and (/h) if the film Is not reduced, the fiim-hx dro-
oen. rather than tihe metal-hx droven properties, w'ill be involved with all its

aceopai~ Iii~problems oit fiekld-ssisted proton migration and hi~drogen
(rappineu In thle fImi. Also, thisl- technique ceeiningl% require-. that li~drogen
hubbies dt not ClIin t! to tilie cathode.

InI hort. interpretation of' the measured transient permecation curses
becomes %cr% di flikcult1 beci use of' li~rogen trapping. film reduction pro-
tCeSes. and i nipurint% idsorption on 'the eathotle. Of .particular concern is
[ii rd e I-LI,141 ii , 'it ref~r med pd ssi '~e f iflms. corro.iion product flmis. o
aldsorb-ed species onl the cathode. [hec film reduction process depends onl

hie h\ ro.ten m er~ oltave and thmeref , re. at thle highest o'e;-%oltage nio-st.
it not all, oft thle fiflm onl thle mletallic sumrface mnay he reduced. Thle film
red net ion kinet s igteatl\ hiampers the reproducibilit% oft thle transient
per in Cati1 'i feas Lire ien t anid mla v alIso a kect tile attainment rted
Nt,1te. Since thle act nal tranisient kcur'e \%ill include infoirmation abouit thie
mIini reducetion kinetics. fndr ien transport and trapping, parameters can-
not be c:orrect ,I\ ec alItimimed. A met hod to reduce the film clhkets is to minithtll
appl\ a high'l cathodic: o~er\ oltaL'e and to proceed ito lower o~crvoltageS
as discussecd in the Procedure section. One mighit also consider plating file
Input suirf~ice %%ith I~i pladi urn to a~ oid the surf~ace impediments. but this
precl udes ohiam mug11 infornma tion onl thle hydroeen entr.y and e~olution
processes for thle nietal of itterest. The %alucs ol'hydrogen transport and
more so of' trapping paraweters in thie hy~drogen perineation literature
arc often nonreproducibit' and perhaps unrealistic because of the above-
imcintioned surface effects f -4). lOX8. 112 114). Even if thle films are comn-
plete[% reduced or the fimi reduction kinetics are stafhili/.cd. thle trapping
kinetics mas still not be easily interpreted from transiclid measurements
since Independent determiniations oft trap binding enthalpies and density
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of traps are not possible. Hydrogen permeation measurements should.
therefore, be performed on high purity, well-annealed specimens, with
polished. unfilmed surfaces. In this way the transport parameters can be
evaluated from transient permeation measurements. The determined lat-
tice hydrogen diffusivity then can be compared with values obtained by
other nonequilibrium techniques, such as radiotracer (64), mechanical
relaxation (115), resistivity relaxation (116). magnetic disaccommodation
(117). and equilibrium methods, such as nuclear magnetic resonance (118),
Mossbauer effect (119), and quasi-elastic neutron scattering (120). On the
other hand. the trapping parameters are very difficult to be quantified
(114). although a good knowledge can be gained by carrying out transient
permeation measurements on metals with controlled additions of impuri-
ties or cold work.

The complications in transient permeation experiments, such as film
reduction processes, will not arise or will be insignificant during steady-
state hydrogen permeation. This is because the steady-state will be attained
only after stabilization of all reactions with the hydrogen discharge, evol-
ution. and entry being the only prevailing reactions. Thus the kinetics of
the hydrogen dis.harge. evolution, and entry reactions are best analyzed
uinder steady-state conditions.

Kinetics of1the Hydrogqen Discharqe, Erolhtion, and Entry
Pro'e.ýses

We hac ween how hydrogen enters a metallic phase, although completely
rigorous physical and quantitative knowledge is not yet available. Now
we have to understand how each of the steps contributes to the overall
h.e.r. and permeation process. how these steps interact with one another.
and which of the steps will control the overall process. These deter-
minations are best done under steady-state conditions. in which case the
kinetics of the overall h.e.r. and permeation process can be characterized
for a wide range of alloy-environment conditions. In order to analyze the
kinetics, it is indispensable to have a model relating the rates of the
individual reactions to the driving forces and quantifying interrelationships
among various reactions by incorporating boundary conditions and flux
and mass balance equations.

Many models (28 30) were developed to understand the relationship
between the h.e.r. flux and hydrogen permeation flux for various h.e.r.
mechanisms, but the partitioning of the discharged hydrogen into molec-
ular (evolving) hydrogen and absorbing (entering) hydrogen was not
adequately treated in these earlier models. Hydrogen permeation was
assumed to be negligible in order to simplify the flux balance and rate
equations. Consequently, these models lacked adequate detailed equations
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bor evaluating the various rate constants, surfice coverages. and other
kinetic parameters relating to hydrogen discharge. evolution, and per-
meation. Only the most probable h.e.r, mechanism could be partly under-
stood. Various reaction schemes were advanced. with the permeation
process being dil tusion-.'ont rolled and the discharg-evolution process
being coupled or one of these steps (discharge or evolution) rate limiting
(30). These deductions were based on determinations of (i) the change in
cathode potential. *,. for every decade change in cathodic current density.
i,, i.e. dEl. d log i, iTafiel slope): (h) the change in !A. firevery decade change
in stead. -state permeation current density. i, . i.e. dE, d logi, : and ic)
tile relationship het,•een i, and i,. For example. a coupled discharge-
recombination mechanism of the h.e.r. \,ould be deduced from a Tafel
slope of' 120 m V decadCe dL, d lo i, of -241) nV decade . and i,
proportional to \ i. 30)...\ Acomplete qr;.ntimatixe understanding of the
kinetics %%ar not possible. ho%%eer. becaue of the lack, o' thorough deri-

,ation% -of the rate eqiiailions.
"The earlier model, hat e e~,en lh%. %alue in those cases of" significant

absorption o" h,,,.Irogcn into metallic inaterials. suLch asin poisoned elcctro-
1, tle, (29). ,ince lie auum ption III these models that hydrogen permeation
P, ticeli btihlc is inalidated. A more ricorous model rekrred to as the f-P-Z
mlodel has heei dc e\loped roccntl. (42. 43. M hitch coniders tile effect of
h,.dro1,zeen Clnir\ if-to a mtCallic matelrial on the kin.tics ofthe ti.er. Let us
fih,,l cotnider the ,tlcs in olkcd in the h.drogeen evolution and entr,
proccsse%.

.Siq'p.s in the E[-/'€rnt/vii /yiht/r',,en ('hair.qi Prfje.,,s.

,he o erall elect.rokl tic h.\droeen charuinu reaction consists o1" hlvdrorin
discharLe 4 ReRact on I ). followed hv tile t, o parallel reac.tions ot' hydrogen

0ei0ltLiion and Ili,,droryen pernmea t.ioni.

1I.,. + Ill,,. z- tI 1 . 6.

or

IIf,•,,+II( 1 : t= II,÷C I ,O [1Pa.

and

ll.. = H...7.

As shown. hydrocen evolution can occur either by the combination of
the adsorbed hydrogen atoms (Reaction 6) or by the electrochemical
desorption of the adsor•bed hydrogen atom with a proton from the solution
(Reaction 6a). For subsequent discussion, only Reaction 6 referred to as
chemical recombinalion. will be considered for hydrogea evolution. The
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adsorbed hydrogen in some cases is in equilibrium with the absorbed
hydrogen. If the rates of chemical recombination for H, evolution and
lattice transport (Di, L) for hydrogen permeation are considered, the lattice
•ransport rate is typically orders of magnitude slower than the surface
transport rate of H,,, atoms to form H: molecules at room temperature.
Thus, of these two parallel reactions, the permeation process will be much
slower and the recombination reaction will be the dominant one. especially
at low coverages and low hydrogen overvoltages. The overall rate of the
h.e.r. typically will be determined by the discharge reaction and or the
recombination reaction. At low hydrogen overvoltages. the discharge reac-
tion (potential dependent) will be relatively slow compared to the recom-
hination reaction, and therefore the discharge reaction will control the rate
of the overall process. There are some situations in which the recom-
hination reaction is relatively slow. e.g. in poisoned electrolytes, and in
this case. the recombination reaction will control the rate of the overall
h.e.r. process. In general, the h.e.r. will be under mixed control. For
example. the coupled di.charge-recomhination mechanism is of'ten preva-
lent for iron in aqueous solutions (28. 30, 43). but other mechanisms are
possible also (28. 43. 57).

The hydrogen discharge reaction rate is given by the cathodic current
density. i,. The relationship between iL and the cathodic overvoltage. q. is
gi,.en by the Butler-Volmer equation for a well polariied electrode:
i, = i,( I - 0,,)e .".. Here. i', = i,. (I -0,). i,, = the exchangecurre"t densitN:
0, = the surfaicc (hydrogen) coverage, which depends on #: 0. = the equi-
librium surface (hydrogen) coverage (at q = 0): a = F RT = 19.4 V I at
25 C: x = the hydrogen discharge transfer coellicient: q = E, -E,.
E, = the electrode potential during hydrogen discharge: and E, = the
equilibrium electrode potential.

The hydroeen recombination reaction rate is given by i4 = Fkr(0ii).
Here. k, the chemical recombination reaction rate constant. The hydro-
gen permeation rate (at steady-state) is given by i, = F(DL.)c,. Here.
L = the membrane thickness and c, = the charging (sub)surface hydrogen
concentration. If the hydrogen absorption-adsorption reaction is assumed
to be in local equilibrium. c, = k"01 , where k" = the absorption-adsorption
constant that is thickness-dependent.

THE I-P-Z MODEL

Assumptions in this model that combines hydrogen evolution and hydro-
gen permeation are the following: (a) The reactions are at steady-state,
and the only reactions occurring on the cathode surface are hydrogen
discharge, chemical recombination. and hydrogen absorption. (b) The
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cathode surface is sufficiently polarized so that no oxidation of hydrogen or
any other oxidation reaction can occur at this surface. (c) The absorption-
adsorption reaction is in local equilibrium. (d) The hydrogen permeation
process involves simple diffusion of hydrogen atoms through the bulk
metal. (e) The surface coverage of hydrogen is low enough to follow
Langmuir conditions. i.e. the free energy of hydrogen adsorption is cover-
age independent. This is generally true for Of4 Z 0.2 and 011 3 0.8.

One of the major relationships of the I-P-Z model (42. 43) is between
the steady-state permeation flux (i,) and the hydrogen recombination flux
(i,). Another is the relation between the charging flux (4), overpotential
iq). and permeation flux (i, ). These two equations are

i, = ( k, x i, 8.

and

i, ..... =- -- (bi", k"]i, + i,,. 9

Equiliion S states that i, is proportional to , i, and applies for q > RT F
and fbr a rclati~cl%. fast recombination reaction (i.e. the recombination
•,tep is not solkl. rate controlling): i, is obtained bv subtracting the value
of i, from i, (using Assumption a). Previous moiels (28. 30) have stated
that i, is proportional to , i, for a coupled discharge-recombination
process. Equation 8 ii an important relationshipenabling one to determine
the fraction of tile h1 drogcn distharge from the aqueous environment (or
solution) that goes offas hydrogen aas and the fraction that actually enters
the metal. The constants in Equation 8 consist of the rate constant for the
h% drogen recombination reaction. k,. the rate constant for the:. ivdrogcr.
absorption-adsorpion reaction. k, the Faraday constant., F 96485
C equi alent. and b = L (F:D,).

Equation 9 is derived by considering some electrochemical details of the
polariiation of the cathode (43). The I-P-Z model is the first of its kind to
come up with such a useful relationship. Equation 9 is needed because 0,1
cannot be determined by a direct experimental method. Oil can be indirectly
estimated by certain experimental techniques such as the galvano.static
pulse technique and FTI R spectroscopy. The galvanostatic pulse technique
(121). consisting of a cathodic pulse followed by an anodic pulse. has been
utili/ed for iron in alkaline solutions yielding 0" values in the range of"0.05
to 0.12 (53) and in acidic solutions yielding Ot, values in the range of 0.01
to 0.1 (122). with overvoltages in the range of -0.3 to -0.4 V in both
cases. There is an intrinsic problem in using a galvanostatic technique.
however, because constant current 0" may not be constant as has been
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assumed. In fact. 0, is directly related to the cathodic overpotential rather
than cathodic current. Also. there may be appreciable corrosion occurring
during the anodic pulse. The FTIR spectroscopy technique for iron in an
alkaline solution his yielded OH values of 0.08 to 0.16 in the overvoltage
range of - 0.3 to -0.4 V (57). These values Of 0H are higher than those
obtained with the galvanostatic pulse technique. It should be noted that
in the FTI R technique, the measurements were made at various constant
cathodic electrode potentials. Recognizing the dilficulties- in obtaining 0 H
values in situ during a typical hydrogen permeation experiment (43). the
polarized adsorption isotherm relationships. OIH= I -(i'e"'") i," = hi, k".
and ýOjj Ci, = b k'. were utilized to derive Equation 9. For this, the
transfer coellicient. Y. has to be determined by a procedure described
elsew% here (43).: accurate determination of x is very important since it is in
the exponential term. Construction of true x plots at constant 0, is dis-
cussed in detail elsewhere (123).

The various kinetic parameters such as k,. k". and i•, can be evaluated
bh plotting i, vs i, (Equation 8). i, e-" vs i, (Equation 9). and performingy
regression analyses of these equations (if these plots are linear). Sub-
sequently. 0u( =hi, k") can be plotted as a function of,1 and by extra-
polating this plot to q 0. 0, can be obtained and. thus. i,,[= i,(1 --
evaluated. The i,, % alues for Niarious metal electrodes are generally available
in the literature for comparison with the i,, values determined using the
I-P-Z model. The exchange current density is an important electrochemical
parameter for characterizing the catalytic behavior of a metal: e.g. i,, for
proton discharge on Pt is about 10 ' A cm , and on Fe is about 10 ) A
cm , in pH I solutions ( 17. 69).

Determination Of i,,. 1. and the various rate constants is importalit for
undcrý.iandirng the electrolytic hydrogen discharge and permeation process
and for determining the parameters that control the process. For example.
the discharge reaction rate constant k, [= i,,aH+e •"`")]. gives the rate
ot proton reduction (a(.; --= the hydrogen ion activity and E,.q = the equi-
librii!m potential for the h e r.) It is directly proportional to the proton
jump frequency at exponentially related to the activation energy for
proton discharge. while 2 is related to the symmetry factor describing the
ease with which a proton can get to the top of the activation energy barrier
( 17). Therefore. these two quantities relate to different physical entities, k,
describing the discharge kinetics and 2 describing the characteristic-, of
proton translr across the double layer. The activation energy for hydrogen
discharge is thus overcome by the cathodic potential (driving for'ce) across
the double layer with the case of electron and hydrogen transfer (dis-
placement) determined by 2 and the rate given by the cathodic current.
The chemical recombination kinetics are characterized by kr, which
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describes the surf'ace ditr'usion of hydrogen. mean displacement for hydro-
gen recombination, and site specili citý. if any.

In order to understand thle h~er, mechanism and possible rate con-
trolling! step. thle intrinsic (coverage-independent) rates (i.e. the rate con-
stants) of' the discharge [rI.' = k, (a,, -) e ~"'41 and of the r~conibination

(I,= k,) reactions have it) be compared. If I),, and I,, are within one order
of magnitude of'each other. then the discharge and recombination reac-
tions are considered to he coupled ( 17. 43). If the reactions are coupled.
any fI'ctor that changes the rate of one reaction will afirect the rate of the
other reaction as %%ell ats thle rate of' the oweralI reaction. For example. if
the pH of' the elect rolyte or thecathodic potential ischztnged. it will directly
affect I,,. aInQ In at coupled discharge-recorrbination process, it will also
affect I".

The hx drogen absorption-adsorption rate constant. kV. is anl important
pairamieter chazracteri/ing,- lix droueni abs~orption and adsorption. It contains
quantitati~e termis describing suribee and subsurf'ace kinetic properties of*
thle mertal-h'.droaen interaction. If k' is increased, hydrogen absorption is
enhanced and if k "is decreased, hydrogen ev oIluion is enhanced. Thle V'
\.i ues can be- altered by the presence of' films or adsorbed species on tile
sut~iffce. or impurities inl thle metal. U, ntil recently it was not possible to
determine k".

fIt hie at hsorpt ion-adsorption reaction is in local equilibriim, at comnplete
stead\-sta te flu\ halance at thle subsurf'ace will yield (531. 58): i, =
Fk t"0 lk .1, here k,,, is the hxdroeen absorption rate constant. k~,,,
is thle lixdrouen adsorption rate constant. and u,) [k1

l1)k~fI )jL ±4 Ukb,0 1 ). Lnder di llusioti controlled permeation con-
ditions. i.e. is , in~ erselyl proportional to L.. thle latter relation becomes
(43. '5S4: i, n- Fll) L)k 0, %%where k' = k,,, k,,1,. This steady-state criterion:
%kill thius serveas an additional check ti.or the ditrusion controlled condition.
apart f'rom thle transient stage condition of* the square root of' timei lag
being proportional to L.. On thle other hand, for very thin membranes thle
process will be interface controlled. In this case. i, MFk,",)'4 and thus k.h,,
can be e~ aluated (58). The importanceot evaluating k. for quantitatively
understanding hydrogen entry kinetics and embrittlement in metallic
materials has been emphasi/.ed (53. 58). Preparing extremely thin mem-
branes or using. them in at permeation cell is impractical. however. In overly
thin mem~branes. grain boundaries may not only localiw the absorption-
adsorption reaction but also short circuit hydrogen transport through the
membrane and, theref'ore, bulk properties are not adequately evaluated.
To overcome this problem. L has to be at least live to ten tinvs the average
grain diameter for a polycrystallinc membrane.

The l-P-Z model provides an analytical means of evaluating both k,~,,
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and k,,d,, using a range of membrane thicknesses that avoid the above-
mentioned problems. The relationship is given by (43)

(k") ' = (ks,,, k..hj+(DI k 53,)(L) 1. 10.

Thus. by determining kV as a function of L. k,, and k.,d, are easily found
[if the (k') ' vs (L) ' plot is linear]. The L ,alues have to be chosen within
a small dimensional window, typically ten to a few tens of the grain
diameter since, if the membrane is too thick. (k") (k.,,1, k,,). and thus
k" becomes thickness-independent.

The reaction rate constants and the related free energies follow the
Arrhenius relationship. Thus. k.,,, is proportional to e "- R, and k,,,, is
proportional to e "' I ,. where AG.,A, and AG,,d. are the activation ener-
gies of hydrogen absorption and adsorption. respectively, and 71 is the
temperature in K. If the plots of log (k.,) vs (T) ' and log (k,,,,) vs (T) 1
are linear, then AG.,h, and AGG,,, can be detenrined. What this involves.
simply, is carrying out hydrogen permeation experiments for various mem-
brane thicknesses at different tempratures so that all the useful quantities
can he determined..At present there are no alternative ways of determining
k,b. and k,,, and. therefore, these values are no! easily directly verified.
The actix ation energies can be determined, however, by using experimental
techniques. uch as pseudocapacitance (47) and B.F.T. (50. 124. 125). Such
determinations can also be compared with those obtained in gas phase
h.\drogen charging. correcting for thie fugacities involved. These
approaches may ofl•r a unique means of not only correlating aqui:ous
charginQ data to gas phase charging data, hut also provide a broad uni-
ficvation of the entr\ and ernbrittlement by hvdrogen originating from two
independent h.idrogen sources. NMaking this connection between gLas-phaseand aqueous-phase charging may he possible he.ause the absorption and

adsorption processes relate to specific material-hydrogen interaction
char,,acteristics independent of the souice of hydrogen.

AlIdifi('d I- P-Z .Vhl 1/'l/r Poisoied Ehctrolte.s

The basic I-P-Z model assumes Langinuir conditions and. as mentioned
above, this will he ,alid if () is very low. When metallic materials encounter
deleterious en% ironments. ho%ever, typical of many real applications such
as those containing the so-called poisons. the hydrogen permeation is
greatly enhanced indicating significant coverage of the surface by hydrogen
in which case the Langmuir condition may no longer hold. A poisoned
electrolyte commonly eiicountered by ironand itsalloys is hydrogen sulfide
in acidic and alkaline solutions.

HYI)R(KiiN St'[.Hfl)" IN ACII)t(' ,)I.UJTIONS The problem of enhanced hydro-
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g'en entrN caused bN the presence of'rpoisons such as If.ýS in acidic solutions
has been alwdh% %arious inmestigators (28. 126 1321. Although many
different mechanisms (2K. 126 1 28. 130) %% ere considered. a negoron ana"'
sis had no( been achiewed because ol' a lack of a quantilaliw model. The
mechanisms proposed include dissociation of HS ito prox ide another
sou rce of'I h drogen d ischarge as %%ell as adsorpt ion of IIS or S .slo~~ing

for h~drogen discharge. In acids %%ith (p11 < 5) dissociation of H .5 is
unihaorable. If (tie po~isoning mechanism is operati-e. an increase in the
he.c oe~~ae ~udor. . ie hrcas t he o% ernoltaL'e decreases, for I I .S
in acids (13.Thercefre the bridge mechanism (1246) that proposes a
decrease in h~er. o~e laea~ma~lwthe increased li.~drogerventr%
is more likcI\ to be operating. For qLuaititatiwel% anahi/ing the mechanisni
an1d deternmining t hc arii-ous k inct ic parameters, the 1-11-Z mnodel has been
applied after modiications, taking into account the siignificant l1'%drogen
cow rages. lFquations s and 1) k crc niodi lied ito include the [mulinkiii-
[cutk in co riecoo f oi r the di schargec and chenmical recomiii inat ion rate

equialtiois (47 . T\% 0Importan ii qua lions k%cre then obtained ( 133)

ogi, 71- 1, It lýi I o,!, IN[K )'k: I .IV1

lo)'It .f) ~ i log, uiIt 12.

\% her

I lere I'. RI. , % here is, the gradient of the apparent free energp of
.adsorption w~ihi cox erace1 and [lhe %,aluc of I'-4.5 hats been assumed.
Nonethecless, an accurate %alute of 1 Lias to be obtained for each spec iei

metalsoluion M1 fostm r at more rigorous% anal~sis. techniques stch as
lie ad sorp tio itpemdc aitancicas Liremenrits 147) can ii beLt iIi/ed forn

e' aluaziuc I ( )wce I is, ktioni. kluatiolls I I and 12 %ill tina Illhieunusk
icid the %alues of )r, k", k, and i_. A detailed ce aluation procedure is

decscribe.d clse%% here (13) [scntlialIk. log I\ i, i, ) %s i, is plotted, and if'
this plot is linc~ir. thlesoe and intercept " Ill contain lthe alties of' x. k"
and k,. Then in Equatioii 12. It" can be expressed in tennis of Y and
iteratiseký soIked for Y. If') \; Ilties con veree ito at Iked %aluie. this \alue %% ill
indicate that log,( 1, ,)is linear %%ith P1. But( if' -z does nou( converge, it Aill

indicate that thle systemn is not 1`0llowing thesie relationships and that one
or tmore of' the assumaptions iia% not be %.Aid. Such cisses can arise if' the
recomhi natlion reaction becomecs rate limiting, or if it invok'es electro-
chemical desorption (Reaction (6a). 11f x does converec. then V". kr arid i:,
are easily evaluated by regression analyses of* Equations I I and 12. These
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quantities provide useful information about the way in which poisons Z lpromote hydrogen entry. For example. it has been found that a large
hydrogen entry into the metal occurs when HS is present in highly acidic
solutions. but the hydrogen overvoltage is reduced. Analysis with the
modified l-P-Z model showed that the increased hydrogen entry is largely
caused hy slowing of the recombination step probably in conjunction with
the reaction:

H"IS + C-hl ý -1S-hý- 13.
This side reaction can occur quite fast at the cathodic metal surface and

affect the discharge and recombination steps in various ways (133).
1. ItS can %4ork as a bridge for hydrogen discharge through HS .as

originally proposed hN Kawashima et A1(126).

+. +H;O+ M -M --H + HS+ 11O. 14.

Rcaý:tion 14 lead-, to a decrease in the c'-.er~ohaigc for the discharge
reaction.

2. The recombhination reaction can he- poisoned by the (if . .. I-f S)
intermnediate lbrming, on the cathode and slowing the dilfusion of H
.latois a011 dL or blocking, the recombination sites (if the recombmination
ieaction is he!,"oelencous) on the metallic surface.

I ft hc chemcm~al eo~,mvt reaction is highly poisoned. .uch as by, a
high ratio of thc, :icent-rations of IV S and It '. i.e. [II Sj 1H 'I. then the
00olutiori reaction can occut by the alternate elect rochemnical desorption
route iReaction 'at. Thus electrochenmical desorption hecomes more prob-
able at higher pl1 for a specific II 75 concentration in the solution. Such
an occurrence has been reported for iron (".9" 1, pure) in acetate solutions
of p1l -> 3 in the presence ofill 1,S (134).

The '.afue of x obtained using the I-P-Z model. increased slightly with
small additions oft-H S. consistent with the Kawas-hima et Al bridge nmech-
anism. The prirnarN function of HWS acting, as a bridge is to facilitate
transfer of' protons across the double laser and consequently decrease
the oxer~oltaix necessary for hydrogen discharge. But the intermediate
product (H1 . .. 11.5) poisons the recombination reaction as is quantitatively
illustrated by the precipitous decrease in k, with small additions of H ' 'S
This is further quantified by the increase in .11,, with increasing [11-1,S) at a
particular P1, which shows the build up of H adatoms resulting frorn the
slow down of*the recombination reaction.

,rhe model evaluation% also showed that V" increased with increasing
[HSJ. although not significantly. This small effect may he a result of' a
change in adsorto energy with coverage. since any change in adsorption



eneri* %%ill also alter k,,, Ini addlitioni. one. cannot rule out adsorption of
HfS c~aused b% it pairtial dissociation of I-I .S into~ HS aind 1- e~ell in
highI% acidic soluuio~ns Ihfit I., he,:auie [he ptf at the inctal-solution inter-
lace cain he kineticall% shi fted it) higher pH ats a result of the proto.i
reduction process. In order to attain at c~i~aplete -ieture of the role of [I S5
in einhanciig, h'.droL'en entr-N into metallic material%, the adsorbates hake
to he e~eietl~anal\wed.

IIN I)R(X.1 \ sti t 11) I% \i K\ im si in 5ti I oNs The synerg-istic elkhct of pH-
.11d. II S leads one ito ded uce that elect rochetnical desorption w~ill he
S1-'ifllicant In alkalinec soluitions. InI solutions wiith %er% hii pil '%alues.
If S \\ill dissociate into 115 or em~en into S .The restilt is that the
rvichamii m of enh~ancemen t of li~ drotwn entr\ In tf * S will he different in
.alkaline1 stIutIO11S. Indeied. this has heen1 foundl to he the ease in pff 10
soluiiton, W I her el al. in preparation I. more genteral model is neeiedi

10f iiid bhe the e icnecal re~omin inat ion and. elect rochemica I
deso1Ipiton rollics1, lit hdrogen) e'olitinon with *.ienilicant hi~droeen co'er-

the.II% CL1ii.itiolnx Ike the totintit'

!41 1 I ! .4 (1 / .~

0 ik I . k Ic k

ki 1.41 1 1 ~k ii c ( I itd

N k, I W

Al thbough I q ii.itiots IS; and 16i are quite complex. all the unknown
t-uanti I es Nuch as -I, thle chemical reconmhination ffalkI reaction I rate
c~onstant. kt.. the elect rochem ical desorption (fIevroksky reaction)I rate
constant. it,,. and 1'. can he- C~a:uitted b\ iterative reieression analysis of'
these equattons. Note that the cathodfic current density. 4,. is1 smo

the discharge current densit%. t, and electrochem~ica desorption current
deIns.it\. i.,. A( stead%-state. i, = 4 ., . where iis the chemnical recoin-
hinlation current densit%. if the %alues of 2. Iii it, and i,, converv,- to fixed
values. then beIo (U ) %,; fat + 10.517) and Y vs X plots wil'- he linear.
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indicating, applicabilit% of these relationships to the P;irticular metal-Solu-
tion sv~stil.~t1

B% appik meg this model ro the experimentallk measured %ariables of il,
q. and ifor [errovac iron in pfi 10 soltuion with %,;rying, concentrations
of II .S. k" increaocn, signiticantl% becaus~e of H 1.S. Other parameteri such
its 7. i,,. and the %ariable Ili, are not affected significantly h% 11 S. [Ihe
increase in k ' nmeans that k , I decreased with re~pect to k,,,. and this I-.
possible b% the adsorption of IIS or ewen formation of a %ultide tiltit by
reaction% oft S %%ith the surfalce. 11%drogen permeation iieasurements
carried out tin p~ rite 0,6 eshi %med that both li~drogten solubilit% and
dillusi% it% are about an order ofimagnit tide highcr than oin Fe 1136). [rll.,
has ani implicaItIOn oni l1m a sulfide timn nia% prmthetr o drocen

in to iron f rom a quco u. N o ILit io n% [11% a~pecr %%ill he evinmined hel o~ Inl
Ilhe sectionl on1 a1 coif"po~it I-['-/ modexl. It I- quilte poNsihle that If S
ciihanceN. li~ roigei1 permcation tin iron and it% allo, h% h~ rea Ling, dim~ n or

poi~in paiw e ilnis and or suppreNving the recomhination react on
Il_19)

/)/1 El/ciU i/ii Ilh/t /'f l'r(D(('.~t

The % nerunst ic ell kct% ofI pHM and It S5 concentration. fIt SI. haw been
noted abi i% eý Let it, look more clow~l% at the eIlfct of pit Ihb itweif. When
thec p11 i,, lwer. [if I ncreaweN and the rate oit hi drogen dikchairg i c ll
increa,,e since i Increase-. "ith interea~ir. IliJ Since h~drogen diwharL'e
totctirN, at the cattiode, the pit clowe to the double laser Is e~pVCted to
increase e Iali~ in tibuifered solutiions. Inli Ation% %there the ionic
lIobi lIt\ IN Io%. Nuch aN- Mihen mnetal complex ion-, fornm. this effect nia'
becomne qLuite Nignilicaiwt But if' the p11 i.. clowe to the equilibriuim pit of
the hx droI\ Nis reaction lfir the %olutiori. or If the solution iN, buffered. the
pilt\411lleeaw ito he a Nignificant Nariahle. In les% acidic, neutral, or alkaline
solut ion,.. the prewnece aInd role of corrou-ion produeti oin mietallic sut'iree%
\% ill become imiportant for hoitl the h~er. andi h~drogen entry. FKen at
flairký significant cathodic ower~oltaL'eN the corromlon-product 111111% can he
quile -,table for mans hawc ietalN. Although %time in~estigations hawe been
carried out on h'.drogen permeation through prtectine films 137 140)).
the procev. I-. NtilI poori> under%tood, The complication% stern m~ainl% from
the unknow~n elecronic. chemical, aInd ph~sical Iparticulark\ dilfli~ion aInd
ion migration) propcrties of the protectine flms. Significant hydrogen
trapping could ho- prc%;alcnt in the prorecriw film asii result oit the expected
b~onding hintween () (anti or Olt ) and protons (H1' ). It is poNsihIC.
ho-Ac~er. that h~droven difruslon in the oxide i,. occurring by activated
hopping of protons from one to another 0- land or 0 ( 1401). Also, a
significant potential OR) difference isexpmcwed between the metal-film and
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tilfl-solutiofl interfa cet owing to the generally poorelect ron ic conducti% it-,
of' the film. Some mod--k of' h~drogen trapping have conitideted puru-
diffusion of hildrogen through tile film 1137). yet somne oh~rs. itnoke
transport of' hiidrogen by acti~ated jump of the proton% induced by tile

potential difference across the film ( 140)). The major prohkrnt in sorting
out the role of'protectiw tilms on the h~dro~enprocess is that it isdiffllult.
it' not impossible. ito attain a comnpltelN film-free surl'ae und perform
hx~drogien charginW on it pure metallic ~urIaec. tespeciall% Ibr nietals and
,~loit) % lintere~it suich as I e. \i and Al. [in chloride siilution%. it mia' he
easiler ito ojilain at bumi- f'ree %ttrt ace hut hecause of the silecilic adsorption
Af (I inl the tinner Ilielmolt, Lai er (ML) 11411 of the douhle la'.cr. thle
dharacterisltac% oI thle h'.droverl procc.ss will lxe altered anid another
uiikni,%~n i.ariahle %%.ill he introducedI.

Ill 11.i11t alltual Nit -.atIlolls at metallic stirt'ace i cow.red '.kmth corros~ion

1) 1 tmc Ill Luch tid i% .'ide or hildro'aide fi lim% that mna% he pr miectic e r

p 'l-i, M id ill ma.n ci, e jt harriess t0r h'.roLencnnt lr. 'I hie Ii'. &oeen
.fwi:~e.111d thie a h'. r I' ti-ad orpt ion rejctioll% will occur in thle 61111

p'iii' xl'.'. h1 drotvl %%e '~Ill dilithi'.e throtwh the film- enter t he metal and
ditlu1,C 0101hi,.m the huilk of thle mietal. Illereftc--. lithe mechanismi andi
kinetic'" oft 11i1dr1)cell' :\01ltion. entrN Mind p--rnication %--.n he greatlN
iii 'difid is i'i cilt oI thie fim.ll \ Co)mposite I-I'-/ model Co'nimderitte thle
wIc oti the tiliii inl the h'.dm *'en procees recentlh ha%- been de'.eloped ( R.

li ct II ' enii' inl p1repta riion l. 1,1i modlel hat'. it I a.ulpio'.

( hiu :1,11 a (11111 in [tuill I, thai.t [lie h~ d ro gen ibptina' tio react ion
i i t: he cqiijihihrimizi intermnediate reaction occurs exelu'.it.ely in the limi
phi.i Ic Il his ic leoa'.1. hle ift hle aih'trrftion-jd'.orpti,&st reaction occurti ai
Jlie tiini-'..lutaonl 1interfaIe. It thle '.eledL'e reactionoi.c. thle nion-equilihrium
iitrmedhiat reaction i occur'. hml~e.er. then it will he necessary tot criti-

t.Ira ppng '.i''.iupti I lie miotdel.k ''im' htceiarato
or r~ipin .to hl drogen in) the bilm or tile nietal does not occur during
'.tcad -'iat no t her maj~or a'.'.umlphion is. that h~drogen (lithiseas.atom.ls

through thle tlmli and thle metal. lit other wotrds. proton migiration is nti)
i.on'.idered I here are a 16% report% in thle literature 4139. 144)) citing the
dill usio n-act i ated jump or thle migration tit protons in the film. But
prew.ntl\ it is almvost timpossible it) modlel thi~. oniple s.ituation since the
diluihi'i'.it' ol' 11 ind tilie field across thle fim are functions of several

Liiknol.i~ li'ariatihlcit. e g. positon. little. ratio of OH1 to 0(. andi their
dhara~tler/.hiioil. theref'Orc. is it formidable tar.4. tI) virtue of thesw con-
siderations. the assUiliption of' an ehb.ecttie diffuitvity, of" hydrogen in the
film is jccep.tihle in %ie%4 of c~urrent knowledge of hydrogen transport in
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the~ ~~i fl.nth ipler special cas.e of' the model. it is assumed that there

is ncggl~iblý small. abrupt change in concentration at the hImmtd
interface. %%hereas if'the solute partitioning parameters are largely different
In tile filmn N %the metial. a large g'radient in h'~rogen concenitration can be
cxpected across- the film-mectal interfaice. If defects such as dislocations ard

itscmist at the metal-film interface. aCCUmuk..1ttaon can occur at these
sites during~ the transient st-:igc oC h~droven er'tr%. but the achievement of
at 'StCelv State %% ill inldicate that no further accumulation is occuriine. The
problem of h~kdrog'en accumulation at the fihi-mietal interface could be-
inipm tan t fromt the %ic%% point of'the h~tdro-gen embhrittlement process.

\ot% ithstandfing these man% assuimptions. the 1`0lo4ming, model pro% ides
a1 startiiw, anak ticail proceduire for imcestigating thle role of at filmn on
h~di(),icn ctr\. Anatl\sis of the fliu\ balance at the film-mectal interf11ice

lt-],] i R h~er. It. Ilikckering. in prepa ration i: 0, lý - U, ,, and then. since

Ilere-. o tc.iks -stale hdrogen permecation I~N\ through thle filim:
It 'ed'*tit h~kdrogen pernmeation flux through the metal.

hdkro,-en ~oncenlt rationl ist beneath the stirf~ice (suhsurf ace) of thle
finm. I.011m thickne'ss. A), h~ drogen kifI'ujsisit\ in the fillm; k,,,, = li dro-
'2\;' kdlsorpition rate c~onstant for tlie film: k,-. h~drogen absorption rate
constant tor Oie film, and / tctixen~ finm thickne-ss-I.t) I),).

I quanat u Ish os s tha the Ii ni can afleet not on l\ h ~d rogen adsoirpt ion
.1nd .ibsorption. huti list) Iti ,drogen transport depending, on tile relative
maeri11 itlde, of / an1d L. SinCe thle %.titl ofz' is not usually knomi. it has
it he eloimintd h% m~ixe ifikl~rentiating Fiquation 17 %kith respect to L.
%ieldint! i R I er. II. Vickernv. in preparation I:

A, (L) tj k I ,t. 18.

li hre

IIA1 ) (,^ I~ 1 l V. 'k' 1.'1 sit.

since / does not depend on L. The kt safue can K. determined ats a f'unction
of L. as described in the hasic 1-11-/ m odcl section *I* tlie plot of (It") s %,, 1.ý I L)i linear w ith at slope: of' 2, then Equation
18 is applicable fo~r anal% /ing liydrogen permeation through filmed metals.
and the intercept of this plot % ill give IN.- alue of (k,d., k.,,.,). By rearrang-
ing Uqua ion 17. one can obtain the following, relationship:

1( )'-(k .. , k.,4 ,~)l ' (k~., I)1)L + (kh.1),,,19

IfI the plot of ((k) -(k,,,,, k.,,,,Il vs I. is linear and 1), is known. then
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k,,,I and /' can be e~aluated from the slope and ihe intercept. respecti~ehy.
and then the %alue of k.,, can also be: e~aluated. If the film is ver-v thin. ;

%kill he- %er small and cannot he re'soled from the error in the above
e~ aluations. The values of k.,b and k,1  ilindicate whether the metallic
surface is lined or not if these %alues are known for the unturned -surfa.ce.
Tihs is ofitcn not the cast-. Therefore. an alternative analy'ical procedure
has been de~eloped 4 R. h~er. H. Pickering. in preparation). This film
anal% 'li' is gfiirI% simple. using, the set of values of k as a function of 1.
and ditlerentials of " k' I , ith respect ito L. The f1ollowing relationship is
dcri ed from Equations F7 anti IS:

1.g I/-)]k LIj. 20a.

Lb ) k ii, k, I4) k,, )I I, Lhi 21.

Shere the ;usrp represents f II Or film I or in I fOr mectall.
I quations (-'I) vid 1211 c:an be: utiliicd for the film [,a~ss lots of

Lig, i I. \, L. or 1. and Lhi %s L are sho'u i in Fig~ure% I and 2. I1f
theC metcal I untilnfiedlc. or 1111 if i the ~ c j iioe ot affect the kinetic-% of h~drouen
ctitr\ . then k k K," K- k, _, Kan ., d It.1.1g, I j\ ill he inde-
p-endenit of 1, 1 I-iure lczi. If' addiitionall%. IA-) is proportional to 1.

-'a)r 2, . Ownei hi~drogen eit r\ is controlled 1%ý the bulk diffusion of'
11W roe.en thromtih the meCtallic membhrane. But if /. K" ' is independent
of 1. 4 [teure 2b'. then the fi~drogen entry is controlled by the metal-

sol~~~~~ Li ni efoe nle ot her hand, ift the h% drocen entry is under mixed
control, thien 1.ik i wll he- Ijiiear %%th respect ito I.. %kith a positive
intercept II V iure 2, 1.

[he second case i -imure 1b hI % ill arise if 1.14 (111 decrease,, linearly' with
respe:ct ito L '. \xitfi an intercept of 1. This will indicate that a film such

(A) FOIi-Ifee Metal (X*O) (8) Fumefd Metal (CVL) (C) WFBe. MOMa (X-n)

hqure / Shc-majic otf film effixt on ILgý 41.) %% L. L. ' or Li plots.
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L L L

(A) Bulk diffusion control (8) Interface control (C) Mixed control

hti InhiI

,0) Film diffusion control (E) Film-solution interface control

hmotiii 2 Sihetttwc li iI %iCou cdsiZ, offIranspo~rt and L inelic Cointrol.-

'Ls a passi~ c fimi. is present (A. > 0I). hut that A' << L. so that
/ I[ (I II IA 1 This may be- observed in many real systems. since

usuaIlv ( L, L) -:I (I' Picatlv\ L, - 5 tim and 1. - 0.1 11mm and (I), DI)) < I
(t~ picallv less than 1H -,) . In order to know whether this tilm is affectine
h~droygen entr\ kinietics or not, one akolooltiks at the plot of L(k) 'vs /. to
deternim!x %% hether the h~drogen entry is, metallic hulk diffusion controlled

Eje~Ure 2wi. interl'ace controlled ( beure 2b). or under mixed control
(Figure 2( . In the case of interf~ace control, if it is ihnm-solution interl'ace
tcontrol. theni ý k,,. k t,, = k,,,. If* this is Ibund. one can deduce
that the film. possibly passikc. is greatly influencing absorption and per-
mieation of* h~ drogen. An\, agent that modifies or breaks the film will

chan~ge the h~drogen entry characteristics and can directly affect hydrogen
embrittlement susceptibility, this is illustrated in the ease of' H.S depas-
,ivating. the iron surf'ace. poisoning the h.e.r.. and thus enhancing, hydrogen
entry into iron 11 29). Another illustration is where mechanical strain
rup~tures a passive film. which cau-:;s increasing hydrogen absorption that
results in hydrogen assisted failure in a 4340) steel under cathodic polar-
i/ation in aqueous sodium chloride solution (143). Thus the film can
influence the hydrogen entry and evolution processes and a quantitative
understanding can he- gained by the film analysis using the I-P-Z model.

In a few special cases, it may happen that ;. - 0. aithough a film is
present. This can occur if (I)f; DI) > I such as in the case of a sulfide film
on iron (136). In this situation. the film does not limit hydrogen transport.
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But it may change k,,, and or k,., and also the subsurface hydrogen
concentration. c,- since hydrogen solubility is higher for the iron sulfide
compared to that of iron (136) and can enhance hydrogen permeation into
iron.

A third example of the composite [-P-Z model arises when ;. and L
values are comparable (Figure Ie). This may be the case if the film is too
thick, such as a thick oxide covering a metal, or if the membrane is too
thin. Here. at L[gk (L)] = 0.5.. = L (Figure 10. the film w'ill solely contro,
the h.e.r.. and the hydrogen permeation process will be under mixed'
c.,ntrol. The transport of hydrogen may involve migration of protons. in
addition to diffusion of hydrogen atoms. since the potential dron in the
film will he substantial. But due to a lack of knowledge of the potential
field distribution in the film and migration properties of protons in the
film. a simple diffusion process of hydrogen has only been considered in.
this model. To determine wvhether the film is acting as a harrier or instead,
affecting the hydrogen adsorption-absorption process. film thickness l,-
can be varied indirectly bv varNing the starting highest cathodic over-
potential. I/h,. at v, hich a particular permeation experiment is carried out.
L i, expected to ,decrease %%ith increasing lhI. This electrochemical pro-
cedure will be useful in distinguishine between film transport control of
the overall rate and the absorption-adsorption reaction at the film surface
controlling the o~erall rate. Since /'. is proportional to L,. and since L, is
an inverse function of' 41,,. increasing 11

1h,i means decreasing 4. From
E1quation 20 it is easily seen that as /;. is decreased. Ljg, (I.)i is increased.
It' hIdrogen diffusion through the film is rat': controllini. L[gj.L)] will
increase monotonically % ith increasing It(,,1 (Figure 2d). If hydrogen entry
is flin-solution interface controlling. L[gk (L)] will not change with III,!
(ligure 2,).

ttrvdrnqcn Embrittle,,nt fi ,l/h'ullic Materiali

Io this point, the kinetics of hydrogen absorption and the entry charac-
teristics in metallic materials have been critically examined, and hydrogen
solubility. difflusivity. and trapping characteristics have been briefly dis-
cussed. The absorbed and trapped hydrogen can syncrgistically interact
with an applied or residual stress to cause embrittlcmcnt failure in many
metallic systems. especially in those with high yield and tensile strengths
(144). Exactly how hydrogen causes embrittlement in many metal:alloy-
environment systems is not understood in a basic and quantitative sense.
We have seen how hydrogen enters into a metalic material from the
aqueous environment in a fairly basic quantitative manner. This is possible
because hydrogen fluxes and potentials are measurable by a simple electro-
chemical permeation technique. The measurements can be quantitatively
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interpreted with the recertly developed I-P-Z model, and pertinent kinet-
ic parameters can be evaluated. The interaction of hydrogen (absorbed
in the lattice or more significantly trapped at defects) with stress fields
in the material is immensely complex to analyze by a physical and math-
ematical model. Current understanding of the hydrogen embrittlemrent
mechanism is essentially phenomenological for specific metal/alloy-
environment systems. Because of this. a unified mechanistic theory has not
emerged: instead a string of phenomenological mechanisms have been
proposed.

In a broad sense, two classes of metallic materials susceptible to HE can
be identified: hydride formers such as Al. Ti. Zr. and Nb. and non-hydride
formers such as Fe, Ni. and Cu. In hydride formers, the HE mechanism
is fairly well understood. In metallic systems such as Nb (145). Al (146).
and Zr (147). stress-induced hydride formation results in significant elastic
and plastic accommodation strains around the precipitated hydride
because of a decrease in dislocation mobility and slip systems. especially
at high stresses. and fracture ensues. The hydride precipitates thus act as
embrittling sites for cracking under stress. Propagation of cracks usually
involhes repeated formation and breakage of' the brittle hydride pre-
cipitates (93. 148). In non-hydride formers. howcer. the HE mechanism
i, not well understood. The following phenomenological mechanisms have
been proposed.

PRESSUREV \II(IIVANISM Hydrogen atoms trapped at a void orat an interface
between an inclusion and *,attice can precipitate as molecular hydrogen
and build up pressure. adding to the applied stress (1107. 144. 149). This
mechanism is relevant for understanding blistering and dimple rupture.
especially in low strength steels (107). But the pressure mechanism cannot
explain brittle behavior in high strength steels caused by hydrogen charging
(107. 144). especially at low pressure hydrogen gas (7).

S.RIUA(E I:NI:RY Rfl(I'tIION MI(*HANISM Here the adsorbed hydrogen
(rather than the absorbed hydrogen) plays the role in the cracking process.
This mechanism is similar to Gritlith's crack model (107. 148) in that tlhe
surlace energy of the crack surfaces is lowered by adsorbed hydrogen.
especially that on clean metallic surfaces (150). The lowering of fracture
energy by adsorbed hydrogen promotes cracking. Although this mech-
anism may be operating in a few cases. it cannot explain the commonly
observed HE characteristics such as discontinuous crack propagation and
reversal ol brittle delayed failure on stress removal (41). Also, this mech-
anism cannot explain why other species such as oxygen. which adsorb
more strongly than hydrogen, do not embrittle metals (107).
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IDEOH"ESI()N ME('HANISM The reduction in fracture energy is thought to
occur not at the surface but within the bulk of the metal such as at grain
boundaries or other interfaces whose interatomic cohesive force is lowered
by hydrogen ( 151 153). This will account for the specificity of hydrogen
for embrittlement since hydrogen can be easily transported deep into the
material even at room temperature. Hydrogen can break the bonds at the
crack tip resulting in HE. especially in high strength steels (22. 151. 154).
In this mechanism, hydrogen accumulates at the root of a notch or crack
front and the crack propagates in a discontinuous manner, which has been
shown b% resistivity measurements (154). This mechanism may be the best
in explaining many obs.r~ations of HE cracking process. Without a better
understanding of the electronic interaction between protonic hydrogen in
solid solution and the bonding forces of the metallic lattice. however:. the:
exact mechanism by which hydrogen can reduce cohesive strength will not
be kno~ii n (144).

I)ISI.(AJtA.II %O MOIIIIY %I*('tIANISM This mechanism proposes that hydro-
gen ma.h b promoting dislotcation mlotion and cause either Iotcali/ed soften-
ing beha% ior 155) or hardening behavior (156. 157). Various schemes
ha'te been sluggested to rationali/e this concept. For example. moving
di,,ocations can drag h.\droeen into microvoids and deposit hydrogen in
Iaruc conccntrations %khen the hvdrogen carrying dislocations are annihil-
ated hy microoids (156. 1 5X. 159). But the kinetic supersaturation of
h.drogen caused by such a process has been shown to be small and
insuflicient to explain HF 0160). In iron alloys and nickel. softening
beha\ ior has heen obser\ed under specific conditions of hydrogen presence
It61 163). The softening effect caused by hydrogen is thought to arise
from ( 162): (a) a decrea.,e of the Peierls stress due to the presence of solute
h•drogen or carbon. (b) a decrease in the energy required for double kink
nucleation on screw dislocations due to hydrogen, or (c) a decrease in the
ceffctiveness of other solute pinning species due to the presence of solute
hydrogen. Enhancenment ol' screw dislocation velocity and multiplication
of dislocations due to hydrogen have been observed in nickel and iron
( 161. 164). These aspects explain initial softening behavior, subsequently,
hardening can occur because of dislocation interactions (161, 165). Such
processes can cause localized deformation at slip planes close to the crack
tip with consequent local thinning near the crack (166). The result is that
plastic instability leading to hydrogen embrittlement along the active slip
planes and transgranular crack propagation along the sip planes becomes
possible (161, 166). Although these concepts explain some aspects of the
fracture process. it is not known whether hydrogen atoms can act as an
effective solute for dislocation interaction like massive elements such as C.
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Also, it is not known whether dislocations can transport hydrogen over
large distances within a metal and exactly how hydrogen supersaturation
can occur. The involhemcnt of 'efects, such as dislocations, is important
since strain rate is one of the important factors for HE. It has been observed
that the time to HE failure in a 26Cr-IMo alloy decreases with increasing
peak strain rate. in the range of 10 "to 10 'sec ' (167).

It is clear from the foregoing discussion that no single mechanism can
account for HE. but there are many similarities among various mechan-
isms. Ductile ruptures are expected from the pressure mechanism and also
possibly from the dislocation (softening) mechanism. All other mcch-
anisms predict brittle fracture. The surface energy reduction mechanism
and decohesion mechanism are very similar in that hydrogen reduces the
metallic bond strength. but the locations of degradation are different. The
decohesion mechanism is actually an inmprovement over the surface energy
reduction mechanism atid accounts Ior the specilic embrittling nature of
lihdrogen %s other adsorbates. Since hydrogen degradation is proposed to

occur inside the metalic bulk in the decohesion mechanism, the pos,,ible
rapid transport of hydrogen. vs any other species such as oxygen. will
explain the special case of room temperature embrittlement by hydrogen.
The decohesion mechanism also has a few similarities with the hydride
mechanism in that the plasticity process is alffcted by the solid solution
hidrogen in the former and the second phase hydride in the latter.

None of these phenomenological mechanisms directly illustrate the
important role pla ed b% impurities and stress state in the HE process. It
is quite clear that etremely pure iron will not be hydrogen embrittled even
at high hydrogen concentrations. but iron or its alloys will be hydrogen
embrittled whcn impurities such as S. P. N. Si. and Sn are present (22. 144.
168 172). HE of 26Cr- I Mo alloys has been found to be highly sensitive to
the presence of small concentrations of interstitial elements, in particular
nitrogen and carbon ( 173). Nitrog:n segregated to grain boundaries or
angular titaniun carbo-nitrides near grain boundaries in this alloy. which
have high intersti.ial contents, enhance hydrogen absorption by trapping
h~drogen at grain boundaries. Consequently. HE failure in the high inter-
stitial 26Cr-I Mo alloy proceeds by an intergranular fracture process (173).
In the low interstitial 26Cr- I Mo alloy, containing the stabilizer (to prevent
sensitivation and intergranular corrosion), niobium, in small concen-
tration. HE seems to be caused by repeated formation and breakage of
niobium hydrides under stress (173). There is also a parallelism in the role
of impurities in HE with temper embrittlement behavior (170 172). The
exact role of impurities and interaction of impurities with hydrogen to
cause embrittlement in metallic systems is not understood, however. Stress
state also plays a prominent role in determining the extent of hydrogen
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embrittlement in nickel, steels, zirconium alloys, and titanium (174-177).
Ductility loss in Ni (174), the adverse effect of coarser grains in Ti (177).
void link-up in Zr alloy (176), and the amount of intergranular fracture in
4340 steel (175) caused by hydrogen are all much more severe under
equibiaxial tension than under plane strain, which, in turn, is more severe
than under uniaxial tension. Thus hydrogen seems to augment the effect
of stress state on plasticity, i.e. the decrease in the ductility of a metallic
material going from a uniaxial tension state to a biaxial tension state is
enhanced by hydrogen. In this respect, the thickness of the metal specimen
plays an important role since thin specimens will be under the plane stress
condition and thicker specimens will be under the more severe, plane strain
condition. This is an important aspect to be considered in scaling the
parametric values obtained in laboratory experiments on thin specimens
for understanding HE behavior in real, thicker metallic systems.

DEDUCTIONS AND SUMMARY

Nascent hydrogen produced on a solid metallic material, by reduction of
protons from an aqueous phase can affect the integrity of metallic materials
in %arious ways. in particular the embrittlement fracture process. Since a
majority of structural and industrial metallic members encounter some
sort ofan aqueous environment, the problem of hydrogen embrittlement is
a scrious concern to engineers and scientists. The involvement of electrical
charges in the hydrogen discharge and sometimes also in the evolution
proce:sses means that the electrochemical nature of the reactions has to be
carefully studied. To understand the hydrogen absorption and adsorption
characteristics in a quantitative manner, from simple electropermenation
measurements, transient and steady-state permeation models are available.
For a complete analysis of the kinetics, transport. and mechanistic charac-
teristics of hydrogen discharge. recombination and permeation processes,
the following procedure is prescribed.

Set up a Devanathan-Stachurski elcetropermeation apparatus. Prepare
specimens of the metal alloy to be tested in the form of a thin membrane.
High purity specimens have to be used for understanding the transport
behavior, while avoiding complications caused by trapping. Specimen
thickness can range from 5 to 10 times the grain diameter to about twice
the square root of tie product of the hydrogen diffusivity. and a time of
24 hr, for performing a complete analysis including the film analysis. The
specimen area exposed to the catholyte and anolyte should be more than
80 times the square of the specimen thickness in order to reduce transverse
leakage of hydrogen to less than 5%. The catholyte and anolyte have to
be prepared carefully from high purity reagents, and they have to be
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preelectrolyzed in bubbling nitrogen to remove impurities and to reduce
dissolved oxygen to very low levels. After coating the anodic side with Q,
palladium. the anolyte can be introduced into the cell and a sutficient
anodic potential applied. The background current density should be
allowed to decay to its quasi-stationary value, typically much lower
than I pA cm for iron and stainless steel. Then, introduce the catholyte.
simultaneously applying a high cathodic potential for the h.e.r. or cathodic
current. The high cathodic potential (or current) should be below the
critical cathodic potential (or current) at which irrevcrsible damage can
occur. Measure the cathodic electrode potential. ,-athodic current, and
anodic (perneation+background) current continuously. Analyze the
transient permeation curve to obtain approximate values of the transport
and trapping parameters. Verify the value of the transport parameter by
independent methods.

Monitor the steady state cathodic current, cathodic electrode potential.
and permeation current. Conduct these tests for membranes of various
thicknesses. Perform a film analysis (using the composite 1-P-Z model) to
gauge the presence and role of surface films, if any. Also. obtain the values
of the various kinetic parameters. surface coverages. 2c. and so on, using
appropriate I-P-Z models. These analyses will help to pinpoint the mech-
anism. Carrm out the set of permeation experiments at different tem-
peratures near room temperature. taking adequate precautions for the
shift in the reference potentials and guarding against any other possible
reactions. Obtain the activation energies of hydrogen absorption and
adsorption and check thLir values by independent techniques. Deter-
minations of transport parameters. surface coveraces. anti activation ener-
gies by other experimental techniques %ill provide a means of indc-
pendentl\% alidating the ,alues obtained from the electropern,.rmeation
technique and appropriate models.

In order to assess the ell"ect of impurities or alloying elements in the
material and species such as poisons in the catholyte. controlled additions
can be made. Then. the hydrogen permeation characteristics and mech-
anism and trapping characteristics can be assessed with careful measure-
men,s and appropriate application of the models. A relationship such as
(k"' I = (k.,, kb.)+(/D khjl(L) can serve as a scaling parameter for
tioinsh'rrirg kinetic and related values obtained on thin specimens to
thicker metallic specimens or members.

It is much harder to assess theefrect ofstresson HE. Onecan usestressed
membranes in the electropermeation set-up with appropriate modihications
such as used by Scully & Moran ( 143). Here. geometric effects have to be
carefully studied for meaningful interpretation. Also. stress/strain state
effects are important since thin specimens will be under the plane stress
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condition, while thicker specimens will be under the more severe plane
strain condition. Therefore, appropriate scaling parameters have to be
developed by emiphasi/ing thc fracture mechanics aspects.

A Physical model is needed for understanding the hydrogen embrittle-
mient mechanism. incorporating the features of hydro~en. stress, strain.
strain rate, impurities. and defects. The overwhelming efl~ict of impurities
on HF has to be properlN addressed for a more general mechanism. It is
not clear N% hether the primary function of impurities is to provide physical
trapping sites for h~ drogen or to locally miodify the strain fields for inter-
action with h~drogen. It is possible that the locally modified strain. fields
can enhance d\ mimlic trapping of hxrogen. or that defeas. such ats vacan-
cies, interstitials and dislocations that carry the strain fieidls. can he pinned
h call N by h~drouen. It sceems inconceivable, however, thit hydrogen atomis
canl 'olel\ "Ind cllecti% el\ pil nmo% ing, dislocations or vacancies. On, the
other hanid, it is conceivable that impurity (or intersitial) atomis canl
kineticall\ arrest thle motion of these del'ects. whereby many hydrogen
atoniscollect at these hieb encruy sites. Accumulation ofhydrogen at these
kinctically arrested defects can,. in turn. suilliciently lower the chemical
poenitial of thesec defects to immnobili/e them ait that particular location.

F~or e\aniple. ii a cluster of '~acancie, is immnobili/ed 1w thle combined
act ion of impurities and Ii ydrogen. event ually molecular hydrogen can
formn \\ithin a coales;cence of \.,cancies. i.e. a void. Moving dislocations
can rcpeatcdl\ annihilate ai part oft thv void causing a reduction in void
ýolumlle and thus increase the internal pressure caused by the trapped

h\~ drotgen moleculcs in thle void. I nstead of a molecular hydrogien forma-
tion. onle Can1 enl% isl ion t~irmation ofa mttalseodphase oliivdrogen
%k ith thle metal atomls. flacilitated h\ thle combined action of impurifies and
defect., The s.ubscquent fracture process will be similar ito thle brittle
h\4drtde crackina miechanism. Another esample is a set (if moo inc dis-
locations. kineticall\ arrested by impurities and immobilized by ll~drogeen.
T]his canl lead to a reduction of' thle local plasticity and cause hardening.
But 0f a number of' %acancies airc in motion I because of .tr,:ss -eradients).
they can annihilate or unpin some of the locally inmnolslized dislocations.
This can result in an enhancement of the local plasticity and cause soften-
ing. A cracking, process can be initiated as a result ol nrepated (localiied)
softeningz and hardening.

By carefully varying, concentration, dislocation dernsity. and vaicancy
concentration, the v arious aspects mentioned can he critically an alyzed
using the hydrogen permeation techniqlue and models for metallic systems
in aqueous enlvironments. A complete understanding of hydrogen
embrittlement will explain why it does not occur in a host o1' metallic
systems such ats platinum and gold.
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